INTRODUCTION
Peroxidatic activity of catalase (E .C . 1 .11 .1 .6 ) was discovered by Keilin and Hartree (1) , and it has been firmly established that, catalase oxidizes various substrates such as ethanol, methanol, nitrite, and formate (2-4) . Crystalline beef liver catalase, used as an enzyme tracer (5) , and the peroxisomal catalase (6, 7) have been visualized cytochemically by a modification of the 3,3'-diaminobenzidine tetrahydrochloride (DAB)' technique of Graham and Karnovsky (8) , and it has been suggested that the peroxidatic activity of catalase is responsible for this reaction (9) . The 'Abbreviation used in this paper : DAB, 3,3'-diaminobenzidine tetrahydrochloride .
staining of peroxisomes with DAB,, however, is seen only in aldehyde-fixed tissues (10, 11) . In contrast, Schejter and Bar-Eli have shown that treatment of crystalline catalase with glutaraldehyde causes a marked inhibition of both the peroxidatic and the catalatic activities of the enzyme (12) .
In this study, we have investigated the effect of fixation with glutaraldehyde on the catalatic and peroxidatic activity of crystalline beef liver catalase, using a variety of oxidizable substrates, including the DAB (13, 14) . Furthermore, we have studied the reaction of freshly isolated rat liver peroxisomes with DAB before and after the fixation with glutaraldehyde . Our observations THE JOURNAL OF CELL BIOLOGY • VOLUME 60, 1974 • pages [303] [304] [305] [306] [307] [308] [309] [310] [311] indicate that glutaraldehyde inhibits the catalatic activity of catalase while apparently enhancing the oxidation of several hydrogen donors including the DAB .
MATERIALS AND METHODS

Reagents
DAB, o-dianisidine, pyrogallol, p-phenylenediamine, (3-D(+)-glucose, (3-NAD, crystalline beef liver catalase type C-100, and aldehyde-dehydrogenase grade II were obtained from Sigma Chemical Co ., St. Louis, Mo., glucose oxidase from Worthington Biochemical Corp ., Freehold, N . J. ; and glutaraldehyde (70%) from Ladd Research Industries, Inc ., Burlington, Vt . The purity of glutaraldehyde was determined by checking the purification index A 235/A 280 (15) .
Treatment of Catalase with Glutaraldehyde
Crystalline beef liver catalase was diluted to 1 mg/ml with 0 .1 M sodium phosphate buffer pH 7, and 2 ml of this clear catalase solution was mixed slowly under constant stirring with an equal volume of glutaraldehyde solution buffered to pH 7 .2 with 0 .1 M sodium cacodylate . The final concentration of glutaraldehyde in the mixture was varied between 0 .1 and 24% . It was noted that when glutaraldehyde was added dropwise to the completely dissolved catalase solution, no precipitation occurred . After 30 min of treatment at room temperature (25°C), the mixture was dialyzed for 48 h against five changes of saline buffered to pH 7 .2 with 0 .01 M sodium cacodylate .
Biochemical Determinations
The catalatic activity was determined according to Luck (16) at 240 nm and 25°C. The peroxidatic activity was measured using DAB as hydrogen donor (13, 14) dissolved in 0 .1 M "universal buffer" of Teorell and Stenhagen (17) . The final pH was adjusted to 10.5 , which is the pH optimum for oxidation of DAB by glutaraldehyde-treated catalase (18) . For the assay, 2 .85 ml of the DAB solution (5 X 10-4 M) and 0 .1 ml of aldehyde-treated catalase preparation were mixed in a 3 ml cuvette and the reaction was started by the addition of 0.05 ml of 1 .2% H202 solution . Alternatively, the exogenous H202 was replaced by a continuous hydrogen peroxide generating system (4) using 10 MM 13-D(+)-glucose and 1 µg glucose oxidase in the final assay medium at pH 7. 4 . The optical density was recorded at 450 nm for pH 10.5 and at 460 nm for pH 7 .4 assays (19) Staining for Peroxidase Activity of the Unfixed "Crude Peroxisomal Fraction"
The livers of male adult albino rats were homogenized in 0.25 M sucrose and a fraction consisting mainly of mitochondria and peroxisomes was obtained by differential centrifugation (27) . The unfixed pellet was resuspended in a medium containing 0 .1 % DAB, dissolved in 0 .15 M Tris-HCl buffer at pH 8 .5 and 0.02% H202 for 1 h at 37°C (9) . After the incubation, the resuspended particles were again centrifuged and the resulting pellet was fixed for 1 h in 3 % glutaraldehyde, followed by postfixation in osmium tetroxide, and embedding in Epon (28) .
In additional experiments, DAB-reacted pellets were fixed in glutaraldehyde and incubated for a second time in the DAB medium at pH 8.5 for 2 h at 37°C, followed by postosmication, and processing for electron microscopy.
Staining for Peroxidase Activity of the Fixed Crude Peroxisomal Fraction
The crude peroxisomal fraction was overlayed with 3% glutaraldehyde in 0 .1 M cacodylate buffer at pH 7 .2 containing 0 .025% calcium chloride . After 30 min of fixation at 4°C, the pellet was removed from the centrifuge tube and cut into 1 mm thin strips, which were rinsed briefly in 0 .15 M cacodylate buffer pH 7.2 and were incubated for 2 h at 37°C in the alkaline DAB medium (9), followed by postosmication, and processing for electron microscopy .
RESULTS
Biochemical Findings
Glutaraldehyde treatment caused marked inhibition of the catalatic activity of catalase . (13) and catalytic activity was determined according to the method of Luck (16) . The catalytic activity decreases with increasing concentrations of glutaraldehyde while simultaneously the peroxidatic activity increases. Glutaraldehyde concentrations higher than 6%, however, also inhibit the peroxidatic activity . In contrast, the peroxidatic activity of catalase, as measured with DAB as hydrogen donor increased with increasing concentrations of glutaraldehyde, reaching a maximum with 6 % glutaraldehyde, and decreasing with higher concentrations (Fig . 1) . When the peroxidatic activity was assayed with p-phenylenediamine and o-dianisidine as hydrogen donors, the patterns of enhancement and inhibition of the peroxidatic activity by glutaraldehyde paralleled the results obtained with the DAB assay ( Fig . 2) . Similarly, when hydrogen peroxide was replaced by glucose, glucose-oxidase system in the DAB assay at pH 7 .4 , there was a gradual increase in the peroxidatic activity of catalase with increasing concentrations of glutaraldehyde (Table I) . In contrast, when ethanol was used as an oxidizable substrate, the glutaraldehyde treatment caused a 12 marked inhibition of the peroxidatic activity (Table I) . Similar to ethanol, oxidation of pyrogallol was markedly inhibited after the treatment of catalase with glutaraldehyde ( Fig . 2) . The addition of untreated catalase to the DABassay medium had an inhibitory effect upon the peroxidatic activity of glutaraldehyde-treated catalase (Table II) .
Addition of glutaraldehyde to the DAB medium at pH 8 .5 without H 20 2 caused a slight increase of the optical density at 450 nm . There was, however, no evidence of such pseudoperoxidatic activity when catalase treated with glutaraldehyde and dialyzed for 48 h was added to the DAB medium, thus indicating that all free glutaraldehyde was removed by the dialysis procedure. In addition, no evidence of oxidation of DAB was noted when glutaraldehyde-treated bovine serum albumin was dialyzed for 48 h and added to the DAB medium, thus indicating that protein-bound 
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Note the apparent enhancement of the activity with increasing concentrations of glutaraldehyde when DAB is used as hydrogen donor, and in contrast, the inhibition of the peroxidatic activity when ethanol is used as substrate. The activities are given in percent .
glutaraldehyde had no effect on the peroxidase assay . Similarly, glutaraldehyde-treated albumin had no influence on the method of Luck for measurement of catalatic activity (16) . 
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Cytochemical Observations on Crude Peroxisomal Fraction
Incubation of the unfixed crude peroxisomal fractions in the DAB-H 20 2 medium at pH 8 .5 revealed reaction product in the intermembranous space of mitochondria with no or only minimal deposits in the matrix of peroxisomes (Figs . 3, 4) . Some of these peroxisomes showed focal extractions of the matrix, which were probably due to Peroxidatic activity (DAB oxidation)
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Flaua.E S Unfixed crude peroxisomal fraction incubated in the DAB medium at pH 8 . 5 . There is no or only minimal reaction product in peroxisomes (P), some of which show focal extraction (arrows) .
Mitochondria (MIT) in such unfixed fractions, however, stain prominently . X 19,000.
Fiouax 4 Unfixed crude peroxisomal fraction incubated in the DAB medium at pH 8 . 5 . This higher power view shows the localization of the reaction product of oxidation of DAB in the intermembranous space (IS) of a mitochondrion (MIT) . Note the partially extracted and unstained peroxisome (P) . X 75,000 .
prolonged incubation of unfixed pellets at 37°C. However even peroxisomes without extraction were lacking a DAB reaction product (Fig . 3) . Incubation of glutaraldehyde-fixed pellets in the alkaline DAB-H 2 0 2 medium resulted in prominent electron-dense deposits in the matrix of peroxisomes with no reaction product in mitochondria (Fig . 5) .
When primarily unfixed but reacted pellets were fixed subsequently in glutaraldehyde and then incubated for a second time in the alkaline DAB medium, evidence of DAB reaction product was noted in both mitochondria and peroxisomes (Figs . 6, 7) . DISCUSSION The observations presented here indicate that glutaraldehyde treatment apparently enhances the peroxidatic activity of catalase, as determined with DAB, o-dianisidine, and p-phenylenediamine assays . Similarly, freshly isolated peroxisomes from rat liver do not stain with DAB, but glutaraldehyde-fixed peroxisomes oxidize DAB readily. In contrast, glutaraldehyde treatment inhibits the catalatic, as well as the peroxidatic activity of catalase, when ethanol and pyrogallol are used as hydrogen donors .
Inhibition of the catalatic activity of the enzyme is in agreement with previous observations on the effect of glutaraldehyde upon the activity of several enzymes (29, 30) , including catalase (12) . It is generally believed that the loss of enzymatic activity is related to the reaction of glutaraldehyde with the lysine residues of enzyme proteins (30, 31) . Shejter and Bar-Eli reported that glutaraldehyde cross-linked approximately 50% of the lysine molecules of catalase with an associated loss of 90% of the catalatic activity (12) . These authors, as well as Ferrier et al . (32) , however, were mainly interested in obtaining a water-insoluble catalase preparation, whereas in this study we have obtained a soluble preparation of cross-linked catalase . The advantage of this soluble preparation is that it can be subjected to various biochemical and spectrophotometric studies without further homogenization and disruption .
The most remarkable effect of glutaraldehyde on catalase appears to be the modification of the peroxidatic activity, which varies with different 308 hydrogen donors . Thus, apparent enhancement of the peroxidatic activity is noted with DAB, o-dianisidine, and p-phenylenediamine, and inhibition with ethanol and pyrogallol . The loss of enzymatic activity is less severe with ethanol than with pyrogallol (compare Table I with Fig . 2 ) . This observation is in agreement with findings of Schejter and Bar-Eli, who noted variable degrees of inhibition of peroxidatic activity of cross-linked catalase, using methanol and pyrogallol as hydrogen donors (12) . These authors suggested that this could be due to steric alterations of the enzyme molecule which either caused diminished accessibility of the active site, or hindered the conformational changes of the enzyme necessary for the peroxidatic activity .
Another possible explanation for the modified peroxidatic activity of glutaraldehyde-treated catalase is provided by the observations of Feinstein et al . (33) . These authors noted that treatment of catalase by denaturing agents such as urea, heat, and alkalinization caused marked inhibition of catalatic activity with simultaneous increase of peroxidatic activity . They postulated that peroxidase-active sites exist on the intact catalase molecule, but cannot be detected normally because of the extreme competition by catalatic active sites for available H202 . Such catalatic active sites, however, are easily destroyed by a variety of reagents, thus permitting peroxidatic activity to become detectable . In agreement with this hypothesis, we noted that peroxidatic activity of glutaraldehyde-treated catalase, as determined with DAB assay, was markedly decreased when untreated catalase was added to the assay system (Table II) .
Finally, our findings provide further insight into the mechanism of staining of peroxisomes with the DAB reaction . In this respect, Goldfischer and FIGURE 5 Glutaraldehyde-fixed crude peroxisomal fraction incubated in the DAB medium at pH 8 . 5 . Reaction in mitochondria (MIT) is completely inhibited whereas the peroxisomes (P) stain prominently . X 52,000 . Inset : At higher magnification, a crystalloid (arrows) is demonstrable in a peroxisome .
X 120,000 . FIGURES 6 and 7 Crude peroxisomal fraction, freshly incubated in the DAB medium at pH 8 .5 , fixed in glutaraldehyde, and incubated a second time in the DAB medium at pH 8 . 5 . In these preparations both mitochondria (MIT) and peroxisomes (P) contain reaction product . Although after this treatment most of the isolated particles show extraction, peroxisomes are still recognizable by the peroxidatic activity on part of their matrix adjacent to their membrane (Figs . 6, 7) and by the presence of crystalloids (arrows, Fig . 7) . Fig . 6 , X 57,000, Fig . 7 , X 110, 000 . Essner postulated that the staining of peroxisomes with benzidine compounds is probably due to splitting of catalase into subunits with peroxidatic activity during the incubation of sections at high alkaline pH and at 37°C (34) . We have demonstrated, however, that incubation of unfixed peroxisomes at pH 8 .5 and 37°C does not reveal peroxidatic activity2 (Figs . 3, 4) . This lack of staining in unfixed fractions is not due to loss of enzyme from the matrix of peroxisomes because a subsequent fixation and incubation reveal prominent staining in the matrix of the particles (Figs . 6, 7) . Furthermore, the enhancement of the peroxidatic activity of catalase by glutaraldehyde treatment is seen not only at alkaline pH but also at neutral pH, with the DAB assay and glucose, glucose-oxidase system (Table I) , as well as with o-dianisidine and p-phenylenediamine assays (Fig . 2 ) . These observations demonstrate that fixation with glutaraldehyde is the most important prerequisite for staining of peroxisomes with DAB . However, since the oxidation of DAB by glutaraldehyde-treated catalase is optimal at pH 10 .5 (18) , the incubation at alkaline pH gives a stronger staining than that at neutral pH (6 
